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Kanno et al. have found that Smc5/6
interacts with DNA by two different
mechanisms. One is based on
electrostatic interactions that require ATP
binding to Smc6. The other leads to
topological entrapment and demands
ATP hydrolysis by the complex. The
results show that Smc5/6 is an ATP-
dependent intermolecular DNA linker.
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The structural maintenance of chromosome (SMC)
protein complexes cohesin and condensin and
the Smc5/6 complex (Smc5/6) are crucial for chro-
mosome dynamics and stability. All contain essen-
tial ATPase domains, and cohesin and condensin
interact with chromosomes through topological
entrapment of DNA. However, how Smc5/6 binds
DNA and chromosomes has remained largely un-
known. Here, we show that purified Smc5/6 binds
DNA through a mechanism that requires ATP
hydrolysis by the complex and circular DNA to
be established. This also promotes topoisomerase
2-dependent catenation of plasmids, suggesting
that Smc5/6 interconnects two DNAmolecules using
ATP-regulated topological entrapment of DNA,
similar to cohesin. We also show that a complex con-
taining an Smc6 mutant that is defective in ATP bind-
ing fails to interact with DNA and chromosomes and
leads to cell death with concomitant accumulation of
DNA damage when overexpressed. Taken together,
these results indicate that Smc5/6 executes its
cellular functions through ATP-regulated intermo-
lecular DNA linking.INTRODUCTION
Cohesin, condensin, and the Smc5/6 complex (Smc5/6) con-
sist of multiple subunits, including a complex-specific hetero-
dimer of structural maintenance of chromosome (SMC) proteins.
Smc5/6 contains Smc5, Smc6, and four non-SMC proteins:
Nse1, Nse2 (also known as Mms21), Nse3, and Nse4 (Fousteri
and Lehmann, 2000; Hazbun et al., 2003; Taylor et al., 2008).
Yeast Smc5/6 also includes Nse5 and Nse6 (Figure S1A). SMC
proteins are composed of globular N- and C-terminal domains
connected by two extended coiled coils, which are separated
by a central hinge region (reviewed in Losada and Hirano,
2005). The protein folds on itself at the hinge, bringing the N-
and C-terminal domains together, which leads to the formation
of the so-called head domain. This also unites a Walker A and
a Walker B ATP-binding motif, present in the N and C terminus,
respectively (Figure S1B). The twoSMCproteins interact via theirCell Rehinges and through other subunits that bridge the two head do-
mains. This leads to the formation of a ring-like structure, and
studies of cohesin and condensin suggest that DNA binding of
SMC complexes is accomplished through topological entrap-
ment of DNA within this ring (Cuylen et al., 2011, 2013; Gligoris
et al., 2014; Gruber et al., 2003; Haering et al., 2008; Ivanov
and Nasmyth, 2005; Murayama and Uhlmann, 2014). The struc-
tural organization also creates a complex with two ATPase
domains that, in addition to the Walker A and B motifs, also
include a so-called signature motif in each head domain (Fig-
ure S1C). ATP binding and hydrolysis at these sites have been
shown to influence DNA and chromosomal association of cohe-
sin, but their role in Smc5/6 function is unknown (Arumugam
et al., 2003; Hu et al., 2011; Weitzer et al., 2003). However, a
point mutation in the Walker A motif of Schizosaccharomyces
pombe Smc6 inhibits cellular growth (Fousteri and Lehmann,
2000), suggesting that Smc5/6 is also controlled by ATP.
Among eukaryotic SMC complexes, Smc5/6 is the most
poorly understood, and its molecular mechanism remains un-
known (De Piccoli et al., 2009; Kegel and Sjo¨gren, 2010). Cohe-
sin is central for sister chromatid cohesion; the complex tethers
the duplicated chromosomes until anaphase, which allows their
correct alignment and segregation (Guacci et al., 1997;Michaelis
et al., 1997). In line with this, cohesin functions as an intermolec-
ular DNA linker (Haering et al., 2008; Losada and Hirano, 2001).
Cohesin also regulates enhancer/promoter interactions (Hadjur
et al., 2009; Nativio et al., 2009) and influences chromosome
folding and condensation (Guacci et al., 1997; Mizuguchi et al.,
2014; Zuin et al., 2014), but here, it is expected to work intramo-
lecularly, i.e., joining two loci on one and the same chromosome.
Condensin is needed for chromosome condensation (Hirano
et al., 1997), but it has also been shown to function in X chromo-
some dosage compensation (reviewed inMeyer, 2010) and other
types of gene silencing (Rawlings et al., 2011). These functions
have been suggested to depend on condensin’s ability to act
as an intramolecular DNA linker (Kimura et al., 1999). Thus, cohe-
sin and condensin appear to share the ability to connect two
DNA segments, but while cohesin promotes both inter- and
intra-molecular interactions, condensin seems to be largely
restricted to the latter (Haeusler et al., 2008). Whether Smc5/6
also acts as a DNA linker is unknown, but like the other two com-
plexes, it has important roles in chromosome dynamics and sta-
bility. The complex controls homologous recombination at DNA
breaks and stalled replication forks and within the ribosomal
DNA (Irmisch et al., 2009; Lindroos et al., 2006; Torres-Rosell
et al., 2005, 2007). In addition to these repair-connectedports 12, 1471–1482, September 1, 2015 ª2015 The Authors 1471
functions, Smc5/6 executes a function during S phase that al-
lows correct chromosome segregation (Bermu´dez-Lo´pez et al.,
2010; Gallego-Paez et al., 2014; Lindroos et al., 2006; Torres-
Rosell et al., 2005, 2007). Work in Saccharomyces cerevisiae
suggests that this function is to resolve replication-induced
DNA supercoiling (Kegel et al., 2011).
Supercoiling is due to the double-helical nature of DNA and
is caused by processes such as replication and transcription
(reviewed in Wang, 2002). The separation of the two parental
DNA strands leads to over-winding ahead of the advancing poly-
merases and under-winding behind the transcription unit. At a
certain level of over- or under-winding, the DNA folds upon itself
and forms a so-called supercoil. Over-wound DNA is manifested
as positive supercoils (SC(+)), while under-wound DNA folds into
negative supercoils (SC()). (Figures S1D and S1E, left). Exces-
sive supercoiling inhibits replication and transcription (Garten-
berg and Wang, 1992; Kim and Wang, 1989), but topoiso-
merases prevent this by relaxing both SC(+) and SC(). Type I
topoisomerases (topoisomerase 1 [Top1] and topoisomerase 3
[Top3] in S. cerevisiae) execute supercoil relaxation by intro-
ducing transient single-strand breaks. Type II topoisomerases
(topoisomerase 2 [Top2] in S. cerevisiae) act by creating a tem-
porary double-strand break and pass another DNA strand
through the break before resealing it (Wang, 2002). Replica-
tion-generated SC(+) can be resolved by Top1 and Top2 (Ber-
mejo et al., 2007; Kim and Wang, 1989). If the replication fork
instead progresses in a rotating mode that follows the turn of
the DNA helix, SC(+) formation is prevented, but sister chromatid
intertwinings (SCIs) will form behind the fork (Figure S1E). Since
the SCIs will interfere with chromosome segregation during the
following anaphase, they have to be removed, and this is
achieved by Top2 (DiNardo et al., 1984; Holm et al., 1989).
We have found that an smc6-56 temperature-sensitive (ts)
mutant specifically delays replication of long budding yeast
chromosomes, a phenotype that it shares with cells lacking
Top1 or Top3 (Kegel et al., 2011). The mutant also decreases
the level of catenation of a reporter plasmid in top2-4 ts cells,
and Smc5/6 amasses on chromosomes after Top2 inhibition,
i.e., under conditions when SCIs accumulate. Based on this,
we proposed a model in which Smc5/6 decreases SC(+) in
the front of the replication fork by organizing sister chromatids
in a way that promotes fork rotation and thereby SCI formation
(Kegel et al., 2011).
To clarify the function of Smc5/6 and its ATPase activity, we
have analyzed the purified S. cerevisiae complex. Smc5/6 was
incubated with plasmids of various size and topology, in the
absence or presence of ATP and/or topoisomerases, and the
effect on DNA structure was subsequently investigated. Using
a similar approach, cohesin was shown to facilitate Top2-depen-
dent catenation of plasmid DNA, well in line with its function as
intermolecular DNA linker (Losada and Hirano, 2001). Conden-
sin, on the other hand, promoted positive supercoiling in plasmid
DNA, and knotting by Top2, which likely reflects its ability to
establish intramolecular interactions (Bazett-Jones et al., 2002;
Kimura andHirano, 1997, Kimura et al., 1999; Stray and Lindsley,
2003; Strick et al., 2004). The results presented here indicate that
Smc5/6 functions in a cohesin-like way, i.e., as an intermolecular
linker. This linking requires ATP hydrolysis by Smc5/6, and our1472 Cell Reports 12, 1471–1482, September 1, 2015 ª2015 The Auresults indicate that it occurs through topological entrapment
of DNA. Smc5/6 is also shown to interact with DNA through
direct, electrostatic interactions. Taken together with the results
showing that a complex that is defective in ATP binding fails
to bind DNA and sustain cellular growth, this indicates that
Smc5/6 functions as an ATP-dependent intermolecular DNA
linker.
RESULTS
TandemAffinity Purification of Smc5/6 Yields a Fraction
that Contains Topoisomerase-like Activities
In order to identify the molecular mechanism of Smc5/6, the
S. cerevisiae complex was purified using tandem affinity puri-
fication (TAP), which yielded a highly purified complex as deter-
mined by protein staining and mass spectrometry analysis
(Figure 1A; Table S1). When analyzing SC() pRS316 plasmid,
which had been incubated with increasing amount of Smc5/6,
it became clear that the complex contains, and/or co-purifies
with, topoisomerase-like activities. At a protein:DNA ratio of
14:1 (see the Supplemental Experimental Procedures for deter-
mination of Smc5/6 concentration), most SC() are converted
to the relaxed form and a series of topoisomers, which could
not happen without the plasmid being nicked and re-sealed, as
during supercoil relaxation by a topoisomerase (Figure 1B).
The relaxation was confirmed by two-dimensional (2D) gel elec-
trophoresis analysis using a protein to DNA ratio of 200:1 (Fig-
ure 1C). Given that the purified Smc5/6 also relaxed SC(+) plas-
mids (Figure 1E), the relaxation of SC() is not because of the
introduction of positive supercoils, as in the case of condensin
(Kimura and Hirano, 1997). This also implies that the reason for
the presence of SC(+) topoisomers after treatment of plasmids
with Smc5/6 (Figure 1C) is due to the different salt conditions
in the reaction and gel electrophoresis buffers. This is because
the number of base pairs per turn of a relaxedDNA helix depends
on the concentration of positively charged counterions that
neutralize the negatively charged phosphates in the DNA back-
bone (Rybenkov et al., 1997) (Figure S1F). Thus, when plasmid
relaxation takes place in the reaction mixture that has a high
salt concentration, it will become positively supercoiled on the
gel, where the salt concentration is low (Figure S1G). Moreover,
the presence of topoisomers in the untreated relaxed samples in
Figures 1C and 1E is due to the fact that the substrate plasmid
was extracted from preparation-gels with lower resolution than
those used for Southern blot analysis (see the Supplemental
Experimental Procedures for details).
In addition to supercoil relaxation, low-mobility bands, likely
multimeric catenated plasmids, were observed at a 100:1 pro-
tein:DNA concentration (Figure 1B). Since joining of circular
DNA requires that one of the molecules is transiently opened,
the formation of catenanes indicates the presence of type II
topoisomerase activity in the purified Smc5/6 fraction. A time
course experiment showed that supercoil relaxation is detected
after 5 min, cantenanes after 30 min, and both structures reach
maximum levels after 120 min (Figure 1D). If not stated other-
wise, a 200:1 protein-to-DNA ratio and 90 min incubation time
were used in subsequent experiments to readily detect both
relaxation and catenane formation. Reactions in the absencethors
Figure 1. The Purified Smc5/6 Fraction Con-
tains Topoisomerase-like Activities
(A) Oriole-stained polyacrylamide gel of purified
Smc5/6 from wild-type cells. Bands indicated in
red (1–6) were subjected to mass spectrometry
(see Table S1).
(B–F) Southern blot analysis of samples treated as
follows. (B) Indicated molar ratios of Smc5/6 were
incubatedwith 30 pMSC() plasmid for 90min. (C)
Schematic diagram for 2D gel migration of top-
oisomers (left). Analysis of 2D gel of SC() (top) and
relaxed (bottom) plasmids after mock treatment or
incubationwithSmc5/6 (protein toDNA ratio 200:1)
as indicated. CHL, chloroquine. (D) Smc5/6 was
incubatedwithSC() plasmid for indicated times at
a protein/DNA molar ratio of 200. (E) Smc5/6 was
incubatedwith indicated formsof plasmids (protein
to DNA ratio 200:1) in the absence or presence of
100 mM ATP or ATPgS (gS). Left: pRS316-derived
plasmid. Right: pBR322-derivedplasmid. (F) 2Dgel
analysis performed as in (C) with pBR322-derived
SC() (left) and SC(+) (right) plasmids.
In (B), (D), and (E), the migration pattern for cate-
nanes, relaxed, linear, and SC() plasmids are
indicated. See also Figure S1.or presence of ATP or ATPgS, a slowly hydrolysing ATP analog,
showed that relaxation occurs independently of ATP in the
mixture, whereas catenane formation requires ATP hydrolysis
(Figure 1E). Supercoil relaxation was also shown to be largely
insensitive to supercoiling state and DNA sequence, since it
also occurs using SC(+) and SC() pBR322-derived plasmids
(Figure 1E, right, and Figure 1F).Cell Reports 12, 1471–1482, SeTop1 Is a Contaminant of the
Purification Process, whereas Top2
Interacts with Smc5/6
Even though the results in Figures 1B–1F
could indicate that Smc5/6 has topoisom-
erase-like functions in itself, it seemed
more likely that one or several variants of
topoisomerases co-purified with the
complex. To test this, Smc5/6 was puri-
fied from top1D, top3Dsgs1D, or top2-4
ts cells (Figure 2A). The top3Dsgs1D cells
were used since the Sgs1 helicase ham-
pers the growth of top3D cells (Gangloff
et al., 1994). Analysis using Smc5/6 iso-
lated from top3Dsgs1D cells showed
that both reactions are independent of
Top3 (and Sgs1) (Figure 2B). In contrast,
isolation from top1D cells resulted in a
Smc5/6 fraction that no longer sustained
relaxation or catenation of an SC() sub-
strate (Figure 2C). Catenanes were, how-
ever, detected when Smc5/6 from top1D
cells was incubated with a relaxed
plasmid. Smc5/6 isolated from top2-4 ts
cells was analyzed at 35C, a non-permis-
sive temperature for the mutant, and thisshowed that catenation of SC() and relaxed plasmids requires
Top2 function (Figure 2D). Together, this indicates that sub-stoi-
chiometric levels of Top1 and Top2 co-purify with Smc5/6 and
cause the observed changes in plasmid topology. It also shows
that catenanes are only generated from relaxed plasmids, which
is in line with the observation that supercoil relaxation precedes
catenation when SC() plasmid is used in the reactionptember 1, 2015 ª2015 The Authors 1473
Figure 2. The Smc5/6 Complex Co-purifies with Top1 and Top2
(A) Oriole-stained polyacrylamide gels of purified Smc5/6 from top1D, top2-4 ts or top3Dsgs1D cells as indicated.
(B–E) Southern blot analysis of samples treated as follows. (B) Smc5/6 from top3Dsgs1D cells were incubated with 30 pM of SC() or relaxed pRS316-derived
plasmids at indicated ratios. (C andD) Smc5/6 from top1D or top2-4 ts cells was incubated with SC() or relaxed plasmids as in Figure 1E. For samples containing
(legend continued on next page)
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Figure 3. Stimulation of Top2-Dependent
Catenation by Smc5/6 Requires the Com-
plex’s ATPase Activity
(A) Southern blot analysis with a-TAP antibody of
relaxed, Smc5/6 treated pRS316-derived plasmid.
Before incubation with the plasmid, Smc5/6 was
pre-incubated with increasing amounts of an
a-TAP antibody (0.5, 2.5, or 5.0 ng/ml) or a control
a-myc antibody (5.0 ng/ml).
(B) Indicated amounts of human TOP2a were pre-
incubated for 15 min at 30C with or without 6 nM
Smc5/6 from top2-4 ts cells before incubation with
30 pM relaxed plasmid for 90 min at 35C. A reac-
tionwith Smc5/6 fromwild-type strain is also shown
(wt). Samples were then treated with proteinase K
and heat-denatured before Southern blot analysis.
(C) Left: experimental setup. Right: Southern blot
analysis of plasmids treated as indicated. First,
Smc5/6 from the top2-4 ts strain was incubated
without addition of nucleotide or with 1 mM of ATP
(P) or ATPgS (S) for 60 min at 35C. Subsequently,
50 mU human TOP2a and 1 mM of ATP (P) and/or
ATPgS (S) were added, and the reaction was
stopped using proteinase K treatment and heat-
denaturation after 5 min incubation at 35C.
The nature of fussy signals on the lower part of the
gel in (B) and (C) is unknown but likely due to the
heat denaturation of DNA. See Figure 1E for
comparison. See also Figure S2.(Figure 1D). Moreover, addition of material from a mock purifica-
tion performed on extracts of cells lacking tagged proteins trig-
gered supercoil relaxation by itself, and this was enhanced by
addition of Smc5/6 isolated from top1D cells (Figure 2E). This in-
dicates that Top1 is a contaminant of the TAP process, while
Top2 interacts with Smc5/6 directly or indirectly. The interaction
between Smc5/6 and Top2 was further established by co-immu-
noprecipitation experiments using cells expressing epitope-
tagged Smc6 (FLAG) and Top2 (hemagglutinin [HA]) (Figure 2F).
Based on the observation that Top2 interacts with Smc5/6, and
because further investigations of the observed supercoil relaxa-
tion failed to establish a robust functional connection to Smc5/6
(data not shown), the continuation of this investigation focuses
on the catenation activity.Smc5/6 from the top2-4 ts strain (D), the incubation was performed at 35C, which is the restrictive tempera
mock purification using cells lacking TAP-tagged protein was incubated for 90 min with 30 pM SC() plasm
from top1D cells.
(F) Smc6 was isolated using FLAG immunoprecipitation from Top2-HA-expressing cells (see the Supple
samples were analyzed by western blot using an a-HA antibody (top) or an a-FLAG antibody (middle). The
Stain-Free system (Bio-Rad), which is shown as a loading control. WCE, whole-cell extract; IP, immunoprec
Cell Reports 12, 1471–1482, SeCatenation Is Inhibited by an
Antibody Binding to the C Terminus
of Smc6
Due to the presence of Top2 in the purified
fractions, it becomes questionable if the
observed catenation activity was influ-
enced by Smc5/6. To test this, an anti-
TAP antibody, which had been generated
using a 21-residue TAP epitope peptide,was included in the experiment. Since the calmodulin-binding
peptide (CBP) moiety of the TAP epitope remains on Smc6 after
tobacco etch virus (TEV) protease cleavage, any inhibition of the
observed changes in plasmid topology caused by the antibody
would indicate a direct role for Smc5/6. As shown in Figure 3A,
catenation of a relaxed plasmid was indeed inhibited by in-
creasing amounts of anti-TAP antibody. In contrast, no inhibition
was detected when an anti-myc antibody was used, indicating
that Smc5/6 directly stimulates catenation.
Smc5/6 Stimulates Top2-Dependent Catenation in a
Process thatDepends onATPHydrolysis by theComplex
To test the level of Smc5/6 stimulation, recombinant human
TOP2awas added to Smc5/6 isolated from top2-4 ts cells beforeture for top2-4 in vivo. (E) An aliquot of 0.5 ml from a
id in the presence of indicated amounts of Smc5/6
mental Experimental Procedures for details), and
bottom panel displays the protein gel stained with
ipitated fraction.
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Figure 4. Smc5/6 Binds Plasmid DNA under
Low-Salt Conditions
(A–C) Increasing amounts of Smc5/6 from top1D
cells (protein/DNA molar ratios 40, 80, and 200)
were incubated with SC(), linear, or nicked plas-
mids for 15 min at 30C, and their binding to DNA
was investigated using a filter binding assay. Each
experiment was repeated three times, and mean
values and SDs are indicated. (A) DNA binding to
pRS316-derived substrates as indicated. (B) DNA
binding to pBR322-derived substrates as indi-
cated. (C) Comparison of DNA binding for pRS316
SC(), pBR322 SC(), and pBR322 SC(+) at a
protein/DNA molar ratio of 200. No significant dif-
ference was detected using t test analysis.addition of a relaxed plasmid substrate. This complementation
experiment was again performed at 35C to inhibit the mutated
Top2. While TOP2a alone induced catenation at highest con-
centration (50 mU) only, catenanes were observed in reactions
containing 100 times less TOP2a (500 mU) when Smc5/6 was
included (Figure 3B). This shows that the complex stimulates
Top2-dependent catenation. To further test the involvement of
Smc5/6 in catenane formation, and to investigate the role of its
ATPase activity, an experiment using the setup established for
condensin by Kimura and colleagues was performed (Kimura
et al., 1999) (Figure 3C). Smc5/6 isolated from top2-4 ts cells
was first pre-incubated with DNA in the absence or presence
of 1 mM ATP or ATPgS for 60 min. Then, 50 mU recombinant
TOP2a, in the absence of extra nucleotide or in different combi-
nations of 1 mM ATP and/or ATPgS, was added 5 min before
the reaction was stopped. This showed that a high-molecular-
weight form of DNA accumulated only when Smc5/6 pre-incuba-
tion was performed in the presence of ATP. This DNA could be
resolved into monomeric, relaxed plasmids by TOP2a after pro-
teinase K treatment, showing that it represented catenated DNA
molecules (Figure S2). No catenanes were formed when the
complex was incubated without ATP or with ATPgS or when
ATP and/or ATPgS were supplied at the moment of TOP2a addi-
tion. Since the concentrations of nucleotides are the same during
the short TOP2a incubation, these experiments show that stim-
ulation of catenation depends on ATP hydrolysis by Smc5/6.
Smc5/6 Has Similar Affinity for SC(), SC(+), Nicked,
and Linear DNA of Different Size and Sequence under
Low-Salt Conditions
Knowing that Smc5/6 preferentially stimulates catenation of
relaxed plasmids, its binding to SC(), nicked and linear plas-1476 Cell Reports 12, 1471–1482, September 1, 2015 ª2015 The Authorsmids was analyzed (Figure 4). Briefly,
Smc5/6 was incubated with DNA and
subsequently filtered through a glass fiber
filter that retains proteins and protein-
bound DNA. The filter was then washed
with incubation buffer (40 mM KCl), and
bound DNA was subsequently eluted us-
ing 0.5% SDS buffer. Finally, all fractions
were analyzed by Southern blot. To mini-
mize the effect of Top1 and Top2 onplasmid structure, the analysis was performed using Smc5/6
prepared from top1D cells, and the Smc5/6-DNA incubation
time limited to 15 min, which is before Top2-dependent catena-
tion takes place. The results showed that Smc5/6 has similar af-
finity for all pRS316-derived substrates under these conditions
(Figures 4A and 4C). Furthermore, Smc5/6 was found to bind
equally well to pBR322-derived SC() and SC(+) plasmids,
showing that the complex interacts with DNA irrespectively of
supercoiling state, DNA sequence, and plasmid size (Figures
4B and 4C).
The Interaction of Smc5/6 to Circular, but Not Linear,
DNA Is Resistant to High Salt Concentrations
To test if Smc5/6 binds DNA through topological and/or direct in-
teractions to DNA, the filter binding assay was repeated under
modified conditions (Figure 5). Again, to avoid the changes in
plasmid topology, the analysis was performed using Smc5/6
prepared from top1D cells, and 15 min incubation time as in Fig-
ure 4. After application of the Smc5/6-DNA mixture, the filters
were first washed with low-salt incubation buffer (40 mM KCl)
and subsequently with the same buffer supplemented with 1 M
NaCl, which disrupts any direct, electrostatic interactions. DNA
was then eluted with 0.5% SDS buffer, which is expected to
dissolve all protein-protein interactions, thereby disengaging
any topological entrapment. The interactions of Smc5/6 to
SC() and nicked plasmids were mostly resistant to 1 M NaCl,
and significant amounts eluted in the SDS fraction (Figure 5A).
This was also true for a nicked substrate in the absence of
ATP. When using linear substrate, however, almost all DNA
was eluted by the high-salt wash. These results indicate that
Smc5/6 interacts with DNA using both direct, electrostatic inter-
actions and topological entrapment. This gained further support
Figure 5. The Smc5/6 Complex Binds DNA through Direct In-
teractions and ATP Hydrolysis-Dependent Topological Entrapment
(A) Each substrate (SC(), linear, and nicked) was incubated with Smc5/6 from
top1D cells for 15 min at 30C and applied to glass fiber filters. Flow through
(FT), wash and elution fractions using 3 3 50 ml reaction buffer (W1–W3), 3 3
50 ml reaction buffer supplemented with 1 M NaCl (H1-3), and 3 3 50 ml 0.5%
SDS buffer (S1–S3) were collected and subjected to Southern blot analysis.
Results from analysis of nicked plasmid using the same experimental setup
but with buffers without ATP are shown in the lowermost panel.
(B) Left: schematic figure of experimental setup. Right: Southern blot analysis
of nicked plasmid after pre-incubation with Smc5/6 for 15 min at 30C, and
subsequent linearization usingHindIII before analysis by filter binding assay as
in (A). Fractions were combined before loading to the agarose gel as follows:
W, FT and W1–W3; H, H1–H3; and S, S1–S3.
(C) Smc5/6 from a top1D strain (4 nM) was incubated with 30 pM nicked
plasmid in the absence or presence of ATP or ATPgS, and subjected to filter
binding assay and Southern blot analysis as in (A). Left: representative
Southern blot. Right: quantification. Mean values of the ratios of SDS elution
fractions from three independent experiments are shown. SDs and p values
(t test, *p < 0.05) are indicated.from experiments showing that DNA was eluted in the high-salt
wash when the nicked circular plasmid was linearized by HindIII
digestion after incubation with Smc5/6 (Figure 5B).
Smc5/6 ATP Binding and Hydrolysis Regulate Its
Association to DNA and Is Needed for Its In Vivo
Functions
The above results leave the role of the ATPase activity of
Smc5/6 unclear. Topological entrapment of nicked circularCell ReDNA occurs regardless of the presence of ATP in the reaction
mixture (Figure 5A). On the other hand, catenation requires
ATP and is inhibited by ATPgS (Figures 1E and 3C). We there-
fore explored this further and could show that ATPgS in-
hibited the formation of salt-resistant DNA-protein interaction
to nicked plasmids (Figure 5C). However, if topological entrap-
ment and plasmid catenation depends on the ATPase activity of
Smc5/6, it is perplexing that topological binding is created
without addition of ATP in the reaction mixture (Figure 5A, bot-
tom). Possibly, Smc5/6 is isolated in a stable ATP-bound form
from cells, which allows topological entrapment to occur. Since
ATPgS inhibits topological binding, and catenation only occurs
in the presence of ATP, this implies that there is exchange of
nucleotide after hydrolysis, and this releases the complex
from DNA (Figure S3A). To test this, lysine 115, present in the
conserved Walker A motif of Smc6, was mutated to a glutamic
acid residue (Smc6K115E), which is predicted to abolish ATP
binding of Smc6 (Arumugam et al., 2003; Fousteri and Leh-
mann, 2000). An Smc5/6 complex containing the Smc6K115E
mutant (Smc5/6K115E) was isolated, and its ATPase activity
was compared to the wild-type complex (Figures 6A–6C). This
showed that while wild-type Smc5/6 displays a DNA-stimulated
ATPase activity similar to other SMC complexes (Fousteri and
Lehmann, 2000; Kimura and Hirano, 1997; Murayama and Uhl-
mann, 2014), this activity is strongly reduced in Smc5/6K115E,
even though Smc5 still contains a wild-type ATPase domain.
Smc5/6K115E also displayed reduced DNA binding as com-
pared to a wild-type complex in a filter binding assay (compare
Figure 6D with Figure 4A). In addition, analysis of established
chromosomal binding sites for Smc5/6 by chromatin immuno-
precipitation (ChIP) and qPCR revealed that Smc5/6K115E
displayed reduced chromosome binding in vivo (Figure 6E)
(Jeppsson et al., 2014). The Smc5/6K115E complex isolated
from top2-4 cells was also found to be less efficient than the
wild-type complex in stimulating TOP2a-dependent catenation
(Figure 6F). Altogether, the results show that ATP binding to
Smc6 is needed for full DNA association and catenation-stimu-
lating activity of the complex, supporting the assumption that
the wild-type complex is isolated in an ATP-bound form that al-
lows the complex to bind DNA in the absence of additional
nucleotide in the reaction mixture.
Finally, to test the role of Smc6 ATP binding in chromosome
stability and cell growth, the effect of overexpressing the
Smc6K115E or wild-type Smc6 was compared. Since the
mutant is incorporated into Smc5/6 complexes (Figure 6A),
we reasoned that a mutated complex would outcompete the
wild-type version when Smc6K115E was expressed at high
levels. The mutant, but not the wild-type, protein did indeed
have a dominant-negative effect on cellular growth, showing
that ATP binding to Smc6 and the chromosomal association
of the complex are essential for the cellular function of Smc5/
6 (Figure 7A). However, the effect of Smc6K115E overexpres-
sion was not immediate, and cells grew normally for at least
9 hr after induction in asynchronously growing cells (Figure 7B).
Cell growth was inhibited after 24 hr (Figure 7B), and fluores-
cence-activated cell sorting analysis of cells released into
galactose containing media from a G1 arrest showed that the
Smc6K115E-overexpressing cells contained aberrant DNAports 12, 1471–1482, September 1, 2015 ª2015 The Authors 1477
Figure 6. An Smc5/6K115E Complex Dis-
plays Reduced ATPase Activity, DNA Bind-
ing, Chromosome Association, and Stimula-
tion of TOP2a-Dependent Catenation
(A) Oriole-stained polyacrylamide gel of purified
Smc5/6K115E.
(B and C) ATPase activity of 6 nM Smc5/6 (B) and
Smc5/6K115E (C) from otherwise wild-type cells
using indicated molar ratios of pRS316. The ex-
periments were repeated three times, and mean
values and SDs are indicated.
(D) DNA binding of Smc5/6K115E from top1D
strain measured as in Figure 4A.
(E) Chromosomal association of SMC6- and
SMC6K115E-FLAG, cloned into the TRP1 locus
under the control of their endogenous promoters,
at selected chromosomal positions determined by
ChIP-qPCR. Cells were arrested in G1 or G2/M
(G2) phase before sample preparation. Chromo-
some number and distance in kb from the left
telomere of each analyzed position is indicated. y
axis displays the amount of DNA in ChIP fraction in
relation to input. Mean values from three inde-
pendent experiments are shown. SDs and p values
(t test, *p < 0.05) are indicated.
(F) Smc5/6 (W) and Smc5/6K115E (K) from top2-4
ts cells were pre-incubated with 30 pM relaxed
plasmid for 60 min at 35C in reaction buffer con-
taining 1 mM ATP. Then indicated amounts of hu-
man TOP2a were added, and incubated for 5 min
before the reaction was stopped using proteinase
K treatment and heat-denaturation. As in Figures
3B and 3C, the nature of the fussy signal in the
lower part of the gel is unknown.content at this time point (Figure 7C). The Rad53 DNA damage
checkpoint kinase protein (Chk2 in humans) was also phos-
phorylated at this time (Figure 7D). Taken together, these results
indicate that the overexpression of the Smc6K115E mutant
causes DNA damage, checkpoint activation, and subsequent
cell death.
DISCUSSION
The results presented here suggest that Smc5/6 executes its
cellular function using molecular mechanisms that are similar
to other SMC complexes. Smc5/6 stimulates Top2-dependent
catenation of plasmids, indicating that the complex can tether
two independent DNA molecules. Moreover, the high-salt-resis-
tant association to circular DNA suggests that Smc5/6 binds
through topological entrapment, similarly to both cohesin and
condensin. However, it remains unknown how Smc5/6 accom-
plishes the entrapment of DNA, and detailed structural analysis
of the complex is needed to clarify this. The complex also asso-
ciates with DNA by direct interactions, since an Smc6K115E1478 Cell Reports 12, 1471–1482, September 1, 2015 ª2015 The Authorsmutant, which diminishes the ATPase ac-
tivity of the entire complex and is pre-
dicted to prevent ATP binding to Smc6,
reduces the association of Smc5/6 to
both linear and circular DNA. Moreover,both the topological binding and plasmid catenation are in-
hibited by ATPgS. This suggests that the complex initially binds
through direct interactions and subsequent ATP hydrolysis leads
to topological entrapment of DNA (Figure S3A). In the following
sections, we discuss how this in vitro interaction can be related
to the stimulation of catenation and if and how it could reflect the
in vivo function(s) of Smc5/6.
Stimulation of Top2-dependent plasmid catenation by Smc5/6
is inhibited by the smc6K115E mutation and prevented by
ATPgS under conditions that are permissive for the topoisomer-
ase. This indicates that catenation depends on the ATPase activ-
ity of Smc5/6 and suggests that it is preceded by direct DNA
association, which depends on ATP binding to Smc6. Together
with the finding that the high-salt-resistant binding of Smc5/6
to circular plasmids also is inhibited by ATPgS, this suggests
that Smc5/6 promotes catenation by Top2 using topological
binding (Figure S3B). The relatively low levels of catenation sug-
gest that it occurs when a single Smc5/6 entraps more than one
DNAmolecule that are found in close vicinity to each other. Such
a situation would be rare in vitro, as it occurs by chance.
Figure 7. Overexpression of the smc6K115E
ATPase Motif Mutant Inhibits Cellular
Growth and Cell-Cycle Progression and Ac-
tivates the DNA Damage Checkpoint
(A–D) Cells harboring GAL1-10 (control), GAL1-
10:SMC6 or GAL1-10:SMC6K115E in the TRP1
locus were analyzed as follows. (A) Serial dilutions
(103 dilutions; 100–105) of the indicated cell types
grown on YEP plates containing glucose or galac-
tose for 2 days at 30C. (B) Growth curve. Loga-
rithmically growing cells were diluted in YEP me-
diumwith or without galactose (+gal/gal), and cell
density was measured at indicated time points. (C)
Fluorescence-activated cell sorting (FACS) profiles.
Cells were arrested in G1 phase and released into
YEP medium with or without galactose. Samples
were collected at indicated time points and pro-
cessed for FACS analysis. (D) Western blot of
Rad53. Logarithmically growing cells were diluted
in galactose containing YEP medium with 200 mM
hydroxyurea (HU) (left) or without HU (right). Sam-
ples were collected at indicated time points, and
Rad53 was detected by western blot using an
a-Rad53 antibody. The upshifted band represents
the activated, phosphorylated form of Rad53
(Rad53*). The HU-treated samples show that all
strains are able to activate Rad53 upon HU-
induced replication block.Moreover, the results showing that Smc5/6 only promotes cate-
nation of relaxed plasmids suggest that supercoils inhibit entrap-
ment of more than one DNA molecule by the complex and/or
inhibit Top2-dependent catenation.
The smc6K115E mutation, which inhibits ATP binding to
Smc6 and ATP hydrolysis by Smc5/6 also hinders cell growth
when overexpressed. This shows that the ATPase activity of at
least Smc6 is essential for the function of Smc5/6 in vivo. More-
over, since the smc6K115E mutation also reduces DNA binding
and catenation without influencing complex formation, it seemsCell Reports 12, 1471–1482, Selikely that Smc5/6 executes its essential
cellular roles through ATP-regulated
chromosome association. Does the
observed stimulation of plasmid catena-
tion by Top2 reflect the cellular functions
of the complex? The in vivo interaction
with Top2 provides a strong argument
that the complex acts together with the
topoisomerase within cells. In line with
this, budding yeast Smc5/6 accumulate
on chromatids with high level of SCIs,
and both the complex and the topoisom-
erase are found at replication forks (Ber-
mejo et al., 2007; Jeppsson et al.,
2014). Taken together with the here-
presented in vitro analysis, this could
suggest that Smc5/6 facilitates Top2-
dependent formation of SCIs. However,
reduction of the function of either Smc5/
6 or Top2 leads to the formation of unre-
solved DNA bridges at anaphase (Gal-lego-Paez et al., 2014; Rouzeau et al., 2012; Wang et al.,
2008), indicating a function for Smc5/6 in the resolution of
SCIs. Accordingly, Smc5/6 accumulates on S. cerevisiae chro-
mosomes after inhibition of Top2 (Jeppsson et al., 2014; Kegel
et al., 2011). This could suggest that Smc5/6 is required for
the localization of the topoisomerase to chromosomes, and
TOP2a is indeed mislocalized after depletion of human Smc5
or Smc6 (Gallego-Paez et al., 2014). However, the localization
of the condensin subunit Smc2 is also changed under these
conditions, and the altered distribution patterns seem to beptember 1, 2015 ª2015 The Authors 1479
due to defective replication rather than a direct role of Smc5/6 in
the recruitment of Top2 (or Smc2). Moreover, inhibition of Top2
in yeast leads to a more severe segregation block than removal
of Smc5/6 function using either ts alleles or protein depletion (K.
Carlborg, S. Carter, and C.S., unpublished data). An smc6-56
mutation also increases the segregation defect detected in
top2-4 yeast cells (Jeppsson et al., 2014). Thus, Smc5/6 does
not seem to play an essential role in SCI resolution by Top2.
How does Smc5/6 promote chromosome segregation? Is
it possible to reconcile this function with a role as an intermo-
lecular DNA linker? Interestingly, the failure of Smc5/6 mu-
tants to separate chromosomes during anaphase appears to
be dependent on a replicative function of the complex (Gal-
lego-Paez et al., 2014; Lindroos et al., 2006). Earlier in vivo
data also suggest that Smc5/6 promotes chromosome repli-
cation by forming SCIs behind the fork, which in turn facili-
tates fork rotation (Jeppsson et al., 2014; Kegel et al., 2011).
This will reduce the level of replication-induced supercoiling
and allow normal replication progression (Figure S3C). We
therefore propose that the complex utilizes its intermolecular
linking capacity, possibly facilitated by Top2-dependent cate-
nation, to form SCIs behind the fork, thereby facilitating fork
rotation and progression of replication. Since Smc6 mutants
have been shown to enter anaphase before completion of
chromosome duplication (Torres-Rosell et al., 2007), a replica-
tion-promoting function of Smc5/6 is well in line with the
segregation failure phenotypes detected in cells lacking a
functional complex. As indicated by a previous study using
temperature-sensitive alleles of SMC6, the unsegregated
DNA will eventually break and trigger checkpoint activation
and cell death (Torres-Rosell et al., 2005). This is also most
likely the reason behind the growth inhibition of cells overex-
pressing smc6K115E, which will contain a complex that fails
to bind chromosomes.
In conclusion, the results presented here show that Smc5/6
works as an ATP-dependent DNA linker that functions through
topological entrapment. The complex shares this binding
mechanism with cohesin and condensin but is most similar to
cohesin, since it facilitates intermolecular interactions. The
topological entrapment facilitates Top2-dependent catenation
of relaxed DNA, and as discussed above, it is not an unlikely
scenario that the complex uses this interaction to control repli-
cation-induced supercoiling and chromosome segregation
in vivo.
EXPERIMENTAL PROCEDURES
Yeast Strains and Purification of Smc5/6
All yeast strains are derivatives of W303. Genotypes are listed in Table S2.
Smc5/6 was purified using a standard TAP method (Rigaut et al., 1999).
Plasmid Substrates
Negatively supercoiled pRS316 was prepared using standard methods.
Relaxed and linearized substrates were obtained by treating pRS316 with
wheat germ topoisomerase I and HindIII, respectively. Nicked substrate was
prepared by treating pRS316 with DNase I. pBR322-derived SC() and
SC(+) were purchased from Inspiralis, and SC(+) was created by treatment
of the plasmid with reverse gyrase. After preparation, all substrates were sub-
jected to electrophoresis and the bands corresponding to the different forms of
plasmids were excised and purified.1480 Cell Reports 12, 1471–1482, September 1, 2015 ª2015 The AuAnalysis of Plasmid Topology
Smc5/6 (6 nM) was incubated with 30 pM plasmid substrates in standard re-
action buffer (50 mM Tris-HCl [pH 7.6], 1 mM MgCl2, and 40 mM KCl with
1 mM DTT and 0.1 mg/ml BSA) containing 100 mMATP for 90 min at 30C, un-
less otherwise stated. After incubation, sampleswere subjected to electropho-
resis and analyzed by Southern blot.
Filter Binding Assay
Filter binding assays were performed as described previously (Kimura et al.,
1999), with small modifications. Smc5/6 was incubated with 30 pM plasmid
substrates in standard reaction buffer containing 100 mM ATP for 15 min at
30C. For Figure 5B, sampleswere further treatedwithHindIII in the samebuffer.
After the incubation, the mixture was applied to glass fiber filters that were sub-
sequently washedwith 33 50 ml reaction buffer. For Figure 5, filters were further
washed with 3 3 50 ml reaction buffer supplemented with 1 M NaCl. Retained
DNA was eluted using 3 3 50 ml SDS elution buffer (50 mM Tris-HCl [pH 8.0],
1 mM EDTA, and 0.5% SDS), and all fractions were subjected to Southern
blot analysis. In Figures 4A, 4B, 5C, and 6D, ratio of the bound DNA was calcu-
lated using the formula ðelution=½flow through+wash+ elutionÞ3100. For Fig-
ures 4A, 4B, and 6D, the value for control samples (no protein) was subtracted
from the value of each experimental sample.
Top2 Complementation Assay
Human TOP2awas pre-incubated with Smc5/6, isolated from top2-4 cells, us-
ing standard reaction buffer supplemented with 100 mMATP for 15min at 30C
before adding plasmid substrates. For the analysis presented in Figures 3C
and 6F, Smc5/6 and DNA were first incubated in the presence of 1 mM ATP
or ATPgS for 60 min at 35C. Then, 50 mU human TOP2a and 1 mM ATP or
ATPgS were added (Figure 3C) or only the indicated amount of TOP2a was
added (Figure 6F) and incubated for further 5 min. In Figures 3B, 3C, 6F, and
S2, samples were treated with proteinase K and heat-denatured to inactivate
TOP2a before analysis by Southern blot.
ATPase Assay
Smc5/6 (6 nM) was incubated with 4 nCi [a-32P]ATP in the standard reaction
buffer containing 100 mM ATP with different amounts of pRS316 at 30C.
The amounts of radiolabeled ATP and ADP were determined by thin-layer
chromatography (TLC).
ChIP-qPCR
The C-terminal FLAG-tagged SMC6 (SMC6-FLAG) including 535 bp upstream
of the initiation codon was cloned into YIplac204 from genomic DNA of
S. cerevisiae. After introducing an smc6K115E point mutation, the plasmid
was integrated into TRP1 locus of wild-type cells. ChIP-qPCR was subse-
quently performed as previously described (Jeppsson et al., 2014).
Please see the Supplemental Experimental Procedures for detailed
protocols.
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